Direct growth of flat micrometer-sized bilayer graphene islands in between molybdenum disulfide sheets is achieved by chemical vapor deposition of ethylene at about 800
Introduction
Graphene (Gr), an sp 2 hybridized carbon layer, has received tremendous attention due to its exceptional electronic and mechanical properties [1, 2, 3] .
The discovery of the unique properties of graphene has triggered the revival of interest in other two-dimensional (2D) crystals, such as hexagonal boron nitride (h-BN), and transition metal dichalcogenides like molybdenum disulfide (MoS 2 ) [4] . These 2D atomic crystals bear great promise for various applications [4, 5, 6 ]. An elegant way to exploit the intrinsic properties of 2D crystals is using combinations of alternating weakly bound layers of different 2D crystals (e.g., graphene, h-BN and MoS 2 ), thus forming the so-called van der Waals heterostructures [7, 8, 9, 10, 11, 12, 13] .
Van der Waals heterostructures have attracted a lot of attention due to their promise for future electronics, catalysis and battery industry [7, 14, 15, 16] .
Their key properties arise from the fact that in heterostructures each material maintains its intrinsic electronic structure owing to the weak, van der Waals, interactions between adjacent layers. For instance, graphene grown or mechanically transferred on h-BN has been shown to preserve its pristine properties [17] . The mobility of the charge carriers of graphene grown on h-BN via the chemical vapor deposition (CVD) method reaches 20.000 -30.000
at room temperature [18, 19] .
Stacking graphene and MoS 2 is of potential interest in nanoelectronics and optoelectronics due to the tunable band gap of MoS 2 and its indirect to direct band gap transition [20, 21, 22, 23, 24, 25] and the excellent electronic properties of graphene [1, 2, 3] . Many devices based on MoS 2 /graphene heterostructures have already been fabricated. Field-effect transistors with a few-layers thick MoS 2 channel and graphene as a source, drain and gate electrodes have been 2 realized and show an on/off ratio of ∼10 6 . The gate electrode was isolated by a few layers of h-BN, creating a transistor entirely out of 2D material components [26] . Furthermore, single-layer MoS 2 has been used as a tunneling barrier in a vertical graphene/MoS 2 /graphene heterostructure creating a field-effect transistor with on/off ratios up to 10 5 at room temperature [27] . The hole-current flowing through this device was almost entirely spin-polarized. Vertical heterostructures can be used as highly efficient photodetector and photocurrent generators, tunable with a back-gate [28] . In addition, the mechanical properties of 2D materials may enable the fabrication of flexible electronic devices and help to scale-down electronics in the vertical dimension.
Therefore, the fabrication of high quality and large-area heterostructures is of fundamental and technological interest. At this moment, van der Waals heterostructures are prepared by PMMA (poly(methyl methacrylate)) assisted transfer of a 2D crystal on top of another. The 2D crystals have to be prepared in advance either by mechanical exfoliation, chemical vapor deposition or liquid phase exfoliation [3, 29, 30] . The process is extremely complicated, challenging and it has a very low yield. It gives rise to structural complexities and uncertainties. For example, the mutual azimuthal orientation of the stacked layers is not well controlled and in most cases it is even completely random. Furthermore, contamination trapped between the interfaces during the transfer process can lead to charge inhomogeneities [31] . It is highly desirable to develop a reliable, high yield and simple method for the fabrication of van der Waals heterostructures. Recently, graphene has been epitaxially grown on h-BN, ZnO and ZnS substrates via templating chemical vapor deposition [18, 19, 32, 33, 34, 35] .
In addition, MoS 2 /graphene has been grown by CVD [12] , by a hydrothermal method [36] and by an in-situ catalytic process by heating a Mo-oleate complex coated on sodium sulfate particles [37] .
Here we present the successful growth of micrometer-sized bilayer graphene in between MoS 2 sheets. The growth is achieved by decomposition of ethylene molecules at the highly reactive step edges of MoS 2 . The resulting carbon atoms (or dimers) intercalate, through step edges or defects on the surface, between subsurface MoS 2 trilayers, where the nucleation and growth of circular graphene bilayers occur. Our work paves the way for the direct engineering of graphene/MoS 2 heterostructures suitable for fundamental research as well as device application. The carbon-induced layers are usually found in close vicinity to MoS 2 steps or defects, indicating that the intercalation of carbon takes place through these pores. An example is shown in Figure 3a and b, where carbon-induced layers were formed inward from a MoS 2 step and through an one-dimensional defect, respectively. These results clearly demonstrate the formation of carbon-induced layers between MoS 2 tri-layers. The MoS 2 surface is impermeable to small molecules such as ethylene and it is thus impossible for the ethylene molecules to penetrate through a perfect top MoS 2 tri-layer. Intercalation can occur between any of the MoS 2 sheets as long as there is a defect that allows intercalation of carbon atoms and seeds the growth process. Figure 3c shows an example of carbon induced islands intercalated between different MoS 2 tri-layers. Some of the islands overlap without merging which can only occur if the islands grow which is slightly larger than the typical mono-atomic step height of A-B stacked graphite. The fact that bilayer islands dominate the AFM images suggest that they are by far thermodynamically more stable than single-or tri-layer islands.
Experimental Methods

Freshly cleaved MoS
Results
In an attempt to identify the composition of the carbon-induced bilayers we have performed XPS measurements, a characteristic spectrum is given in Figure   5 . The circular shape of the graphene bilayers is an indication of polycrystallinity. Occasionally it can be seen that intercalated bilayers observed on the sample have some of their edges faceted, as shown in Figure 6a . Graphene bilayers with hexagonal shapes are also occasionally found, see Figure 6b . The number density of hexagonal bilayers is significantly smaller than the circular ones, but they provide strong evidence of a hexagonal symmetry and thus crystallinity, in line with the graphene structure. Note that in conventional CVD growth of graphene islands on metal substrates, the interaction between carbon species and the metal substrate as well as temperature, define the morphology characteristics. Different island morphologies have been observed multiple times, ranging from fractal-like shapes to compact structures [40] . For instance, graphene flakes grown on Cu(111) have been shown to strongly depend on the substrate temperature and morphology during growth. Dendritic islands form at lower growth temperature and faceted compact islands at higher temperatures [41] . Circular flakes have been observed on graphene grown on copper and h-BN substrates [18, 42] . In the latter case, the circular morphology was attributed also to the polycrystalline nature of the flakes [18] . The weak van der Waals type interaction of the graphene bilayers with the MoS 2 walls could lead to the simultaneous growth of bilayers with different orientation with respect to MoS 2 , growth and coalescence of these bilayers could give rise to a polycrystalline structure. Convolution induced by the MoS 2 cover will further smoothen the edges, an effect that becomes significant for thicker MoS 2 covers [43] .
Discussion
In this section, we attempt to rationalize the experimental observations and relate them to the growth mechanism. First, we emphasize that the subsurface high-temperature growth of islands makes it difficult (if not impossible) to experimentally access in situ information regarding their nucleation and growth mechanism. However, useful information that can shed some light on the underlying physics can be acquired from post-growth AFM images. We have established that the majority of the graphene islands are located near MoS 2 step edges and step bunches. This observation clearly shows the importance of these sites for the intercalation process. MoS 2 steps also provide a favorable place where temperature assisted decomposition of ethylene can occur. MoS 2 edges dominate the catalytic activity owing to their highly reactive nature [44, 45, 46, 47] . The decomposition of ethylene therefore predominantly occurs at these locations.
Most importantly, at these locations, molecular hydrogen can desorb from the surface. After the deposition and decomposition of ethylene at the steps, carbon (C) atoms/dimers can immediately intercalate between MoS 2 trilayers and diffuse 'freely' owing to the weak van der Waals interactions between the trilayers, the lack of dangling bonds and the high temperature of the substrate. The high temperature during the deposition additionally warrants a high diffusion rate. The intercalation takes place through defects, step edges or wrinkles on the MoS 2 surface. The intercalation is probable, because the van der Waals forces connecting the MoS 2 tri-layers are relatively weak and the delamination energy that the atoms need to pay is extremely low [48, 49] . A minority of the C atoms/dimers may also reside (temporarily) on top of the exposed MoS 2 layer.
The concentration of the carbon atoms increases as the deposition time in- creases. In a typical nucleation process, a graphene island will nucleate when a critical adatom concentration is reached [50] . However, as it is evident from several post growth AFM images the distribution of the islands is extremely inhomogeneous, see Figure 6c . In an attempt to rationalize the various observations we picture the following scenario. The highly mobile C species (atoms and probably dimers) form a gaseous mixture in between MoS 2 trilayers. These can travel large distances away from their origin (steps, defects etc.). The rate of this carbon diffusion depends on temperature and on the cross section for intercalation, i.e., the size of the defects. At the start of the deposition of ethylene the temperature is too high to form graphene (bi)layers since they are not stable. After terminating the deposition, the temperature is reduced continuously. At first nucleation occurs at regions with the highest local C concentration and these early condensates (graphene bilayers) can grow larger.
Consequently the C concentration around these large features decreases, giving rise to the denuded zones surrounding them (Figs. 6 and 1b) . The continuous decrease of the temperature leads to reduced mobility and reaching of the continuously changing supersaturation conditions to form nuclei again, which remain now smaller because of the reduced C-mobility. Similar events are repeated upon further reaching of supersaturation conditions and concomitant nucleation. This course of events can be repeated several times, which can result in several subsequent stages of nucleation and therefore explain the strongly heterogeneous island sizes as obviously present in Fig. 6c . The exact resulting morphology will depend on a complex of factors such as cross section and nature of the defect and the exposed layer, deposition rate of ethylene, distance from the defect, rate of cooling, size of the MoS 2 trilayer package, etc. The process is summarized in the cartoon of Figure 7 . A consequence of this scenario is that the size of the graphene circles can be influenced by controlling the cooling down trajectory. That should lead to much-enhanced homogeneity when the cooling rate is lowered. The fact that we mostly find intercalated islands suggests that they are thermodynamically far more favorable than islands on top of the surface. Occasionally and in particular at longer deposition times, clusters on top of the surface are formed. Their shape and structure is erratic, perhaps due to the available 3 degrees of freedom, as can be seen in Figure 8 . Last but not least we have tested the stability of these structures at ambient conditions. We have stored a sample for about two months at ambient conditions. Remarkably, no visible changes were observed, the bilayers remained completely intact.
Conclusions
We have provided evidence for the growth of large (several micrometers in Structures on top of the MoS 2 surface have been also observed, but they are very scarce. This suggests that it is energetically favorable for carbon to intercalate in the MoS 2 . Intercalation phenomena have been previously observed during the growth of group-IV semiconductors on MoS 2 [51, 52] . However, in these studies the intercalated species did not form flat islands and the intercalation mechanism was not identified. Our approach demonstrates the direct growth of graphene/MoS 2 heterostructures and paves the way toward the realization of future 2D material based electronics. Understanding the nucleation and growth mechanisms of these layers is an important step toward optimization of the process that can lead to growth of large bilayers of graphene or even continuous films in between the MoS 2 sheets. Great enhancement of the homogeneity of the island sizes is expected from improved control of the temperature during the cooling down process. A further step should be taken in order to replace the bulk MoS 2 substrate with a few layers thick MoS 2 substrates which could enable precise control of the heterostructure thickness and is highly desirable for device applications.
